and target theory is widely known as a method for deriving the survival probability of a cell from the number of deoxyribonucleic acid (DNA) strand breaks. Direct action and indirect action are the way of causing DNA lesion by radiation. The object of a hit and target model is dried DNA. Strictly speaking, the model does not represent the generating mechanism of lesion in vivo. The biological effect by the direct action is major affection in a high dose region. However, the influence by the indirect action is major affection in a low-dose region. Topics of modern interest concerning radiation damage are becoming the affection in the low-dose region. In this paper, we propose enhancing hit and target models which take the indirect action into consideration. (~)
INTRODUCTION
The fact for radiation to exert various influences on the human body is general common sense. As for the influence, a lot of models expressed by the interaction of radiation particles and a biological cell are proposed. Especially, the research on relations between a lethal dose and the biological reaction is still an important subject of study. However, as for a molecular mechanism of cell death, there are a lot of complex, uncertain points. In general, it is difficult to explain the relation between the dose and the survival probability of molecule level. Hit and target models [1] are widely known as a technique for deriving a cell survival probability from the number of lesions by radiation. As a concept of this model, a necessary and indispensable place (target) exists to live as a cell. It is an idea that the cell death happens when a radiation particle hits the target. In a microorganism and mammalian cell, the cell survival probability calculated by the target model might be well suited. However, it is not proof of the validity of present target models. In the advancement of molecular biology, it is clarified that the molecule which satisfies the requirement of being the target of radiation in mammals is DNA now [2] . When an ionizing particle hits a macromolecule in DNA, a DNA strand break is generated. As a result, the failure occurs in genetic information, and the ability of cell growth is lost. The DNA strand break is caused by direct action and indirect action. The direct action occurs when the ionizing radiation particle interacts directly with the DNA strand. As for the indirect action, the ionizing particle does not interact with the DNA molecule directly. A radical generated from a water molecule of the intracellular reacts with the DNA molecule. As a result, a DNA lesion occurs [3] . There is a base modification besides the DNA strand break as a form of radiation damage [4] . The damage caused by the radiation is called a lesion after this.
It is considered that the target theory is a theory that the direct action is assumed to be a primary reason of lesion. In addition, the estimation of the number of lesions by the indirect action is not expressible only by the absorbed dose. The direct action is known to be an action on pure material of the dry condition [5] . However, DNA is not a dry condition in vivo but adjacent to a large amount of water molecules. If the indirect action is not considered for evaluating DNA damage, it is clear that a correct risk assessment cannot be done. This is an untrustworthy reason as the validity of the present target models. However, the conception which makes the cell risk assessment from the number of lesions is handy. In addition, it is true that a good estimation of the survival probability by the number of lesions exists. In fact, the target theory is used to estimate the cell survival probability for cancer radiotherapy [6, 7] . The risk prediction from exposures to low levels of radiation is still an ongoing topic. It is necessary to research the health risk of the radical generated with the low-dose radiation. The DOE lowdose radiation research program is now being promoted in the United States as a ten-year plan. (See http://www, er. doe. gov/product ion/ober/lowdose, html.) The research for health risks on the human body in the low-dose radiation is attached to importance. The influence of the indirect action is known to be important to the living body very much in the low dose region.
In this research, we separately think about the number of lesions which occur from the direct action and the indirect action. This research pays attention to radical concentrations generated from water molecules. The number of lesions which occur by the indirect action is estimated by using a rate constant of DNA and each radical. The result is taken to the frame of the target theory, and the cell survival probability is derived. Section 2 explains the outline of the general target theory. In Section 3, the radical generation process from the water molecule is described. In Section 4, the number of DNA lesions caused by the indirect action is derived. In Section 5~ the survival probability to the dose is shown by using the result of Section 4. Some numerical results are shown in Section 6. Finally, the summary of this paper and problems in the future are described.
HIT AND TARGET MODELS
The target theory is based on the idea that all energy absorbed besides the target is invalid. In other words, it is a modeling intended for direct action. For instance, direct action involves a first moving electron interacting directly with DNA. The target theory was formulated based on the following idea.
* A cell has a critical target to exist. 9 The critical target is destroyed, i.e., the cell dies when it is hit by k + 1 or more radiation particles. 9 D is the amount of dose and x is the number of radiation particles per unit dose. 9 The probability p that a radiation particle will hit the critical target is constant. Dx --~ cx~, and fixing Dxp = AD (Poisson postulate) [8] .
The probability that exactly j radiation particles hit the critical target is given by the binomial distribution. (Dx is assumed to be an integer for the simplification.)
Due to the Poisson postulate, equation (1) can be rewritten by the following distribution.
According to the second idea, the probability that the cell dies is given by
Expression (3) can be interpreted as follows. The parameter k is the critical number of radiationinduced primary lesions a cell can bear without being killed. The parameter k is called "extrapolation number". AD is the expected number of primary lesions; the parameter A can be interpreted as a basic characteristic of the damage process itself, i.e., as radiosensitivity in its literal sense [9] . This model is called a one target-multihit model. There are three kinds of models classified into others by the number of targets and the number of hits. There are a one target-one hit model, a multitarget-one hit model, and a multitarget-multi hit model. It is assumed that the number of primary lesions is a discrete random variable K if k is unknown. Letting Pr{K = j} = r (j = 0, 1, 2,... ), the survival probability of the cell is given by
where r >_ 0, Vj and ~j r = 1. Furthermore, if the heterogeneity of a cell with respect to its radiosensitivity should be considered then equation (4) can be rewritten as
where G(x) is a distribution function of the heterogeneity.
INDIRECT ACTION
The target theory is based on the idea that all energy absorbed besides the target is invalid. Is the radiation energy not absorbed directly to the target independent of lesions by radiation?
Molecules other than the target also absorb the radiation energy and free radicals are generated. In general, the principal ingredient of the cell is a water molecule. 70-85% of a mammalian cell is water. The feature of the free radical is to have an unpaired valence electron. Therefore, it is easy to react extremely with other molecules. In addition, it is a chemically toxic molecule. The free radical interacts with DNA, and causes the structural change in the DNA. In other words, free radicals cause biological damage. This is called an indirect action. In this section, we think about the influence on DNA by assuming the water molecule which is the medium of the indirect action.
Ionizing the water molecule happens with excitation when the radiation passes the water molecule. It is called the radiolysis of water. A spur which consists of these groups generates it along the route of the radiation. The ionization or ejection of an electron from the water molecule is involved as the initial event of radiolysis, i.e., producing a water ion [3] . H20 ~ H20 +* + e-*.
The cation of H20 +* discharges unnecessary energy due to unsteadiness as follows.
H20 +* + H20 -~ H3 O+ + .OH.
The hydroxyl radical (.OH) is the one in which one electron is lost from the hydroxyl ion (OH-). It is an electron of the neutrality. However, the configuration of the electron is an unsteadiness by the odd number piece, and it is easy to react. The electron collides, energy is lost, and it reaches the thermal equilibrium at the end. The electron is captured between water molecules because of the polarity of the water molecule. It is a hydrated electron. These processes can be shown as follows.
e-* ---* e-, e-+ nH20 --~ e~q.
The excitation water molecule involves hydrogen-bond cleavage. By hydrogen-bond cleavage, it decomposes H. and .OH. H20* --* H 9 + 9 OH.
H. and e~-q are called a hydrogen atom and hydrated electron, respectively. The radical in the spur diffuses with the passage of time. Especially, .OH is known as a highly reactive hydroxyl radical. The Haber-Weiss reaction (02-+ H202 ~ 02 4-OH-4-.OH) is paid attention as a generating process of .OH. The Haber-Weiss reaction might provide a means to generate more toxic radicals from the less reactive superoxide and hydrogen peroxide that could be generated enzymatically [10] .
ESTIMATION OF NUMBER OF LESIONS BY INDIRECT ACTION
From the standpoint of the indirect action, the DNA lesion occurs by a chemical reaction of various radicals and DNA. It is thought that the radical concentration depends on the dose of radiation. We estimate the number of lesions from the dose.
Tile number ofj (= .OH, H., e;q) radicals to dose D Gy (_> 0) per cell is given by the following expression.
hj(D,m)=GjD (6.24 • 1013) m, j =.OH, H., e~-q,
where re(g) is the mass per cell and 6.24 • 1015 is a conversion factor from Gy to eV/g. A coefficient Gj is the generated number of j radicals when water absorbed 100 eV. Coefficients Gj are as follows: G.OH = 0.027, GH = 0.0055, G~.:,, = 0.0265 [5] . The number of lesions is estimated from the form of the chemical reaction of each radical and DNA. Each strand of the double helix structure is the repeated structure of the unit which is called a nucleotide. The nucleotide is composed of sugar, phosphate, and base. Each radical and components cause the chemical reaction. For instance, the base is divided into purine and pyrimidine. The lesion to the pyrimidine base is generated by the radical and 5 6 unsaturated bond of thymine, and adding OH and H. It is convenient to analyze the reaction of the radical and DNA as handling as the reaction of each component and radicals. Hereafter, it thinks by using the hydroxyl radical .OH as an instance. The base modification in Figure 1 is a typical instance which depends on the hydroxyl radical. It assumes that the reaction is finished by intermolecular in one cell because the radical reacts at extremely short time. Therefore, the oxidation to 8-hydroxyadenine of adenine is assumed to be a second-order reaction in the closed system reaction. In this case, the reaction velocity 
where 
(9)
The above-mentioned functions are redefined for generalization as follows. For instance, each rate constant is shown in Table 1 . All of the data of Table 1 refer to the database of the Radiation Chemistry Data Center. 9.0 x 109 (7) 1.7 x 101~ (6) 1.3 x 101~ (7) 1.4 x 101~ (7) 2.1 x 10 9 (7) ( ) indicates PH.
SURVIVAL PROBABILITIES OF CELL
In the preceding section, the number of DNA lesions is estimated from the dose. In this section, the survival probability of the cell is derived from the dose by using previous results. We propose two kinds of models from the standpoint of fracture mechanism. The first model assumes the number of lesions by the direct action as a linear function of the dose, and does not consider the structure of DNA. The second model considers the structure of DNA, i.e., the dual helical structure is considered. It is necessary to describe the important mechanism which is called DNA repair before the survival probability is derived.
DNA Repair
Many kinds of repair mechanisms are known [11] . There are photoreactivation, excision repair, and transcription-coupled repair. The photoreactivation is a phenomenon that damage is reduced by visible light and near-ultraviolet radiation. The photoreactivation is known to be effective to the reparation of the DNA damage by ultraviolet rays [12] . The excision repair is that the damaged part is cut out and the defect is buried by other nucleotides. The dark repair is a type of the excision repair. The dark repair does not require light to repair damage. It is thought that the dark repair contributes to repair mammalian lesions in comparison with the photoreactivation. Of course, the photoreactivation is an effective mechanism to many organisms. An instance of the mechanism of excision repair is as follows.
9 The aberrant base is detected by DNA glycosylases. 9 An abasic site [apurinic/apyrimidinic (AP)] is cut by endonuclease. 9 DNA polymerase of synthetase repairs lesions. 9 The DNA strand is connected with ligase.
The concept of a repair probability of lesion is being introduced by Hanin, etc. [9] . The probability that a lesion is repaired is at a constant probability p. When this concept is applied directly to expression (5), the cell survival probability is given by
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Survival Probabilities
There are chiefly two kinds of strand breaks by the direct action. There are a single strand break and a double strand break. Generally speaking, the double strand break is more fatal than the single strand break. This is the reason that the repair of the double strand break is more difficult than that of the single strand break. In consideration of these features, we adopt two kinds of models as a base to derive a survival probability. One of the models is called linear type, and tile other is called linear-quadratic type. The linear type has classical assumption. The number of lesions has a linear relation to the dose. It is not a problem whether it is the single or double strand break. It only thinks about the number of breaks. On the other hand, the linear-quadratic type considers the kind and lesions for derivation. Details are described later. It assumes that the direct and indirect action are independent events.
Model A: Linear type
The expected number of lesions which occurs by direct action is estimated from the product of radiosensitivity A and the absorbed dose D is (11) where ,k is the radiosensitivity, and gl (D) is total absorbed dose to which energy is consumed by the direct action when the amount of dose is D.
H(D) = Agl (D),
The expected number of lesions per cell which occurs by the indirect action at time t with the absorbed dose D is
L(t,D,m) =~ ~-~L, ij(t, g2(D),m),
i=-OH, H.,e~-q, j=A,T,C,G, DP, 
T(t, D, m) = H(D) + L(t, D, m). (13)
Therefore, the survival probability of cell with the repair probability p is
P,~vm(t,D,m) = ~-~r -T(t'D'm) [T(t'D'm)]J j! k=O j=O + fi p a-k[T(t'D'm)]j] j!
j=k+l (14) 5.
Model B: L-Q type
Model B thinks by paying attention to the dual helical structure of the DNA strand. The model is known as linear-quadratic (LQ) model [2] . The cell survival is a model considered by assuming that it is necessary to pay attention to not an easy single strand break of the reparation but a difficult double strand break of the reparation. In the LQ model, the survival probability of the cell is derived by the following expression.
S(D)
where a(Gy -1) is an occurrence rate of the double strand break by one particle, and 3(Gy -2) is an occurrence rate of the double strand break by two particles. This idea is called the ChadwickLeenhouts theory [13] . Barendsen [14] finds that the fractionation sensitivity of tissue can be classified according to the ratio c~/13. Further, good agreement has been obtained for fraction sizes between --, 1 Gy and 10 Gy [15] . In case of the acute reaction system, c~/~3 is 1-4 Gy. For the posteriority reaction system and tumour, c~/f~ is more than or equal to 10 Gy. These energy-transfers and consequent products along tracks are considered "intratrack" phenomena and "intertrack" phenomena. It adds that these breaks are caused by the direct action. Because the LQ model contains the concept of the repair to the strand break, the cell survival probability is derived as follows. (16) where
Ps~vs(t, D,m) = S(D)F(t, D,m),
The probability function F(t, D, m) is that the cell does not die by the indirect action at time t and the absorbed dose D. "X" sign shows the cell survival probability of HLE after the X-ray irradiation [16] . Figure 2 shows the cell survival probability with ~ = 0.3 when the repair probability of cell is 0.95. The reason is that the radiosensitivity ,~ of the dried DNA is used directly for the traditional model. Further, to disregard the DNA damage by the indirect action, the survival probability is estimated high. In comparison between proposed models, Model A always estimates higher survival probability than Model B. However, the difference between the proposed models is small. Figure 4 shows the cell survival probability with ~ = 0.3 when the repair probability of the cell is 0.95. Figure 5 shows the cell survival probability with { = 0.3 when the repair probability of the cell is 0.98. In the case of high repair probability, the domination of proposed models is clear in comparison with the hit and target model. As a noticeable difference between the HLE and RKO cases, the survival probability of Model B is higher than that of Model A. As well as in the case of HLE; the difference between proposed models is slight. However, the survival probability considerably depends on the reparation probability in both models.
NUMERICAL RESULTS
A human hepatoma cell (HLE)
Finally, the sensitivity of tile cell survival probability to direct proportion ~ for the human hepatoma and colorectal carcinonoma cells is shown in Figures 6 and 7 , respectively. A total absorbed dose is assumed to be 1 Gy. Other settings of Figures 6 and 7 are the same as the case of Figures 3 and 5 , respectively.
The survival probability of the hit and target model does not depend on ~ because it only depends on the total dose. Since the influence of the direct action strengthens when the direct proportion ~ is high, the survival probability of proposed models approaches the survival probability of the hit and target model when ~ increases. In general, the direct proportion depends on the environment. Therefore, the survival probability of the proposed model depends on the environment. It can explain the environment dependence of the survival probability by tile proposed model.
CONCLUSIONS
This paper proposed the cell survival probability which takes the direct and indirect action into consideration. The generating process of the strand break or base modification differs, respectively, according to both actions, and depends on the dose. It is difficult to obtain good estimation over the whole dose region by the traditional hit and target model. The advantage of the proposed models is the expressible fact of the difference of the reactiveness in the high dose region and the low dose region. In the low dose region, the indirect action deeply influences the cell survival. On the other hand, both actions give fatal lesion to the cell in the high dose region. it turned out that the proposed models are suitable for estimation when tile repair probability is high. Actually, the repair probability is known to be high. However, tile rate constant of each radical and DNA components is used in the estimation of the number of lesions by the indirect action. The rate constant and the direct proportion greatly depend on the measured environment. We must be careful to observe the environment in which the cell is put. In addition, we should consider the fact that the repair probability depends on the place of the lesion. There are problems in the future.
